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The induction of high titer neutralizing antibodies is a major goal of vaccination. We recently reported that two vaccinations of Zika virus (ZIKV) purified inactivated vaccine (ZPIV) in humans elicited potent neutralizing antibody responses ([NCT02937233](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT02937233), [NCT02963909](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT02963909))^[@CR7]^. Passively transferred IgG from these participants was capable of protecting mice from ZIKV viremia^[@CR7]^. Participant A from this trial showed remarkably high ZIKV neutralization titers, initially observed at two weeks following the first vaccination and at increased levels following the second vaccination (Fig. [1a](#Fig1){ref-type="fig"}). Serologic assays at baseline (week 0) found that this individual had previous flavivirus exposure, as high neutralizing antibody titers to dengue virus seroptypes 1--4 (DENV1--4) and West Nile virus (WNV) were detected prior to ZPIV vaccination (Fig. [1b](#Fig1){ref-type="fig"}). Following the first ZPIV vaccination, neutralization titers significantly increased (*P* = 0.036) against several flaviviruses, including DENV1--4, WNV and Japanese encephalitis virus (JEV), but not yellow fever virus (YFV) (Fig. [1b](#Fig1){ref-type="fig"}). Following the second vaccination at week 4, neutralization titers increased against WNV and JEV, and were maintained against DENV1--4 (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1ZPIV vaccination boosts pre-existing immunity and elicits cross-neutralizing antibodies in a flavivirus-experienced individual.**a**,**b**, Vaccination schedule and plasma neutralizing antibody titers against ZIKV (**a**) and other flaviviruses (**b**) following ZPIV vaccination in participant A. A significant increase in flavivirus neutralization was found following the first vaccination, between week 0 and week 2 (two-tailed Wilcoxon matched-pairs signed-rank test, *P* = 0.036, *n* = 7 flaviviruses). Dotted lines indicate the limit of quantification of the assay. **c**, Summary of isolated mAbs at week 8. Eighty-three mAbs out of 116 bound to whole ZIKV and/or DENV-2 virions, with 66% of those mAbs neutralizing ZIKV and/or DENV1--4. **d**, Gene assignment and characteristics of the ZIKV-neutralizing mAbs with an inhibitory concentration at 50% (IC~50~ ) \< 1 µg ml^−1^. MZ4 family members are shaded in dark gray. SHM, somatic hypermutation; VDJ, variable, diversity and joining genes. **e**,**f**, Neutralization (FlowNT) against ZIKV (Paraiba_01) (**e**) and DENV-2 ([S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803)) (**f**). Error bars indicate mean ± s.e.m. from three independent experiments. For each mAb, the geometric mean inhibitory concentration (ng ml^−1^) at 50% (IC~50~) is indicated in parenthesis. **g**, MZ4 neutralization of ZIKV and DENV1--4. For each mAb, the geometric mean IC~50~ is indicated in parentheses. Error bars indicate mean ± s.e.m. from three independent experiments. **h**, Mapping of the ZIKV-neutralizing mAbs by binding competition. Top: identification of domain specificities. Values represent the % residual binding of the indicated second antibody after saturation of ZIKV E with the indicated first antibody. Shading from dark to light indicates competition strength ranging from strong (0--30%), to intermediate (31--69%), to weak/none (70--100%). Bottom: control antibody epitopes mapped onto the ZIKV E dimer structure. **i**, Shotgun mutagenesis prM/E epitope mapping. Top: residues critical for binding to ZIKV E (check marks) are indicated for each mAb. Bottom: indicated residues mapped on the E dimer.[Source data](#MOESM3){ref-type="media"}

To characterize the neutralizing antibodies elicited by ZPIV vaccination within this participant, we performed a unique B cell sorting strategy with peripheral blood mononuclear cells (PBMCs) collected at week 8 (four weeks following the second vaccination) using a combination of fluorescently labeled whole ZIKV virions and ZIKV E and DENV-2 E glycoproteins (Extended Data Fig. [1](#Fig5){ref-type="fig"}). Antibody heavy and light chain V (D) J gene segments were amplified from single B cells using nested polymerase chain reaction with reverse transcriptase PCR (RT--PCR)^[@CR8]--[@CR11]^ and sequenced. A total of 116 monoclonal antibodies (mAbs) were recovered and expressed as human IgG1, screened for binding to whole ZIKV and DENV-2 virions due to high neutralization titers against these viruses, and tested for neutralization in a microneutralization assay (MN)^[@CR6]^. Eighty-three of the 116 mAbs bound to ZIKV or DENV-2 whole virions, and 66% of those were found to neutralize at least one DENV serotype (Fig. [1c](#Fig1){ref-type="fig"} and Extended Data Fig. [2](#Fig6){ref-type="fig"}). To examine the cross-neutralizing antibodies resulting from ZPIV vaccination, we focused on the six mAbs that were able to neutralize ZIKV and DENV1--4 with a 50% inhibitory concentration (IC~50~) below 1 µg ml^−1^ (Fig. [1c--e](#Fig1){ref-type="fig"} and Extended Data Fig. [2](#Fig6){ref-type="fig"}). Sequence analysis revealed that those antibodies belonged to four different clonal families, with the VH4-59/VL1-44 family consisting of three members (MZ1, MZ4, MZ24) sharing similar complementarity-determining regions (CDR) H3 and L3 sequences (Fig. [1d](#Fig1){ref-type="fig"}). One of these mAbs, termed MHRP ZIKV-1004 (MZ4) demonstrated high neutralization potency against both ZIKV and DENV-2 with an IC~50~ of 8.3 and 20.9 ng ml^−1^, respectively (Fig. [1e,f](#Fig1){ref-type="fig"}), on par with some of the most potent specific or cross-neutralizing ZIKV and DENV-2 mAbs identified so far^[@CR12]--[@CR15]^ (Extended Data Fig. [3b−d](#Fig7){ref-type="fig"}). Potent activity against DENV-3 was also observed, as well as modest neutralization against DENV-1 and -4 (Fig. [1g](#Fig1){ref-type="fig"} and Extended Data Fig. [3b](#Fig7){ref-type="fig"}). Although no neutralization activity was detected to WNV, YFV or JEV (Extended Data Fig. [3b](#Fig7){ref-type="fig"}), MZ4 had broad neutralization against ZIKV strains from American, Asian and African lineages (Extended Data Fig. [3e](#Fig7){ref-type="fig"}). Antibody-dependent enhancement of ZIKV, DENV-2 and DENV-3 infection was found using MZ4 in vitro using a concentration of less than 2 ng ml^−1^, and was eliminated by introduction of the L~234~A and L~235~A (LALA) Fc mutations^[@CR16]^ (Extended Data Fig. [4](#Fig8){ref-type="fig"}).

Epitope-mapping experiments were next performed to delineate the epitope specificities of these antibodies. First, we measured binding activities against recombinant ZIKV and DENV-2 E proteins, as well as purified virions, to determine whether neutralizing epitopes were contained within quaternary or monomeric E protein conformations (Extended Data Fig. [5a−d](#Fig9){ref-type="fig"}). Antibodies from the MZ4 family bound better to ZIKV and DENV-2 virions than to their respective E proteins, suggesting that their epitopes contain quaternary characteristics (Extended Data Fig. [5b,d](#Fig9){ref-type="fig"}). Second, binding competition experiments showed that antibodies within the MZ4 family were only competed by the domain III (DIII)-directed antibody [Z004](https://www.ncbi.nlm.nih.gov/nuccore/Z004) (ref. ^[@CR15]^), indicating that the epitope was within or overlapped with DIII (Fig. [1h](#Fig1){ref-type="fig"}). However, none of the MZ4 family members were able to bind to the recombinant ZIKV DIII (residues 303--404), suggesting that the epitope lies near but not within DIII (Extended Data Fig. [5e](#Fig9){ref-type="fig"}). Third, screening a comprehensive ZIKV prM/E alanine scan mutation library^[@CR17]^ identified the fusion loop as the target of antibodies MZ54 and MZ56, while MZ20 targeted DII (Fig. [1i](#Fig1){ref-type="fig"} and Extended Data Fig. [5f](#Fig9){ref-type="fig"}). The binding site of MZ4 family mAbs was identified as the ZIKV E DI/DIII linker region, revealing a novel cross-reactive epitope targeted through a conserved mode of recognition, with residues G302 and Y305 as critical components of the epitope (Fig. [1i](#Fig1){ref-type="fig"} and Extended Data Fig. [5f](#Fig9){ref-type="fig"}).

To understand the broad recognition of the MZ4 family antibodies, we determined the crystal structures of both MZ1 and MZ4 in complex with ZIKV E at a resolution of 4.2 and 4.3 Å, respectively (Fig. [2](#Fig2){ref-type="fig"} and Extended Data Fig. [6](#Fig10){ref-type="fig"}). MZ1 and MZ4 bound to ZIKV DI and DIII centered on the DI/DIII linker region (residues 299--306) with buried surface areas (BSAs) of \>350 Å^2^ for both the antibody heavy and light chains (Fig. [2a,b](#Fig2){ref-type="fig"} and [Supplementary](#MOESM1){ref-type="media"} Tables 1−3). MZ1 and MZ4 recognize ZIKV E in a highly similar manner with a root mean square deviation (r.m.s.d.) of 0.82 Å. Comparisons between the unbound Fab structures of MZ1, MZ4 and MZ24 showed a r.m.s.d. of 0.45 Å for the Fv regions, with the exception of three amino acids in the unbound structure of the MZ24 CDR H3 (Extended Data Fig. [6c,d](#Fig10){ref-type="fig"}). MZ4/MZ1 recognition of E is based on four structural elements (Fig. [2a--c](#Fig2){ref-type="fig"} and Extended Data Fig. [6](#Fig10){ref-type="fig"}). First, the CDR H1 and CDR H2 interacts with DI and the DI/DIII linker via a set of Tyr residues engaging the main chain atoms of ZIKV E G182 and the side chains of K297 and R299 (Fig. [2b](#Fig2){ref-type="fig"}, inset 1). Second, the CDR H3 binds to the full DI/DIII linker with \~300 Å^2^ of BSA (296 Å^2^ MZ1; 364 Å^2^ MZ4), forming hydrogen bonds with R299, S304 and Y305, while also interacting with G182 of DI (Fig. [2b](#Fig2){ref-type="fig"}, inset 2). Third, the CDR L1 buries \>125 Å^2^ (141 Å^2^ MZ1; 130 Å^2^ MZ4) of DIII surface area, while the FR L3 interacts with the DIII BC- and DE-loops (Fig. [2b](#Fig2){ref-type="fig"}, inset 3). Fourth, the CDR L2 (residues 50--52) binds to the DI/DIII linker and DIII (Fig. [2b](#Fig2){ref-type="fig"}, inset 4). In agreement with the ZIKV alanine scan screening, the DI/DIII linker is critical for MZ4 family antibody interactions (Fig. [1i](#Fig1){ref-type="fig"}). MZ1 (7H bonds) and MZ4 (6H bonds) antibody heavy and light chains form extensive interactions with this region (Supplementary Tables [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}). Modeling the MZ4-ZIKV E structure on the mature ZIKV virion^[@CR18]^ revealed potential quaternary contact sites at the pentamer vertex, and at the inter-raft interface, as indicated by the ZIKV virion/E binding assays (Extended Data Fig. [5b,d](#Fig9){ref-type="fig"}) without antibody clashes with adjacent E protomers (Extended Data Fig. [6e](#Fig10){ref-type="fig"}).Fig. 2Crystal structure of human antibody MZ1 and MZ4 in complex with ZIKV E glycoprotein.**a**, Superimposition of the structures of MZ1-ZIKV E and MZ4-ZIKV E complexes. Antibodies MZ1 and MZ4 recognize the ZIKV E DI/DIII linker, DI and DIII domains. MZ1 (red) and MZ4 (orange) Fv domains are shown in ribbon representation, and ZIKV E (light blue) is shown in ribbon and transparent surface representation with the DI/DIII linker highlighted in dark brown. **b**, MZ1 and ZIKV E contact residues are shown in stick and dot representations based on (1) CDRs H1, and H2; (2) CDR H3; (3) CDR L1 and FR L3; (4) CDR L2 antibody contacting regions. All antibody residue numbering and CDR loops are designated using the Kabat numbering system. **c**, Sequence alignment of MZ4 family antibodies and precursor germline genes. Antibody residues that interact with ZIKV E are indicated (open circles denote antibody main chain-only contacts, open circles with rays denote antibody side-chain-only contacts and filled circles denote both main-chain and side-chain contacts (MZ1, red; MZ4, orange)). Antibody somatic mutations are highlighted in bold purple, CDRs are shaded gray, and antibody residue numbering is shown above the sequence alignment. **d**, Structure-based sequence alignment of ZIKV and DENV1--4 E residues (ZIKV E residue numbering) that interact with MZ1 and MZ4 antibodies. Symbols \*, : and . denote identical, similar and less similar residues, respectively. BSA for ZIKV E contacting residues (MZ1, red; MZ4, orange) are shown as bar graphs. ZIKV E residues, identified as MZ4 escape mutants in **e**, are boxed. **e**, ZIKV (Paraiba_01) escape from MZ4 neutralization identified two variants with reduced neutralization sensitivity as determined in the plaque reduction neutralization test (PRNT~50~). **f**, Participant A week 8 plasma neutralization of the ZIKV WT and escape variants revealed a reduction in neutralization capacity against the ZIKV G182D variant.[Source data](#MOESM4){ref-type="media"}

Despite the significant overall sequence variation seen in the E glycoprotein between ZIKV and the four DENV serotypes, residues within the MZ1/MZ4 epitope have high overall sequence similarity. However, a subset of residues within the epitope show meaningful differences between ZIKV/DENV serotypes, including residues 182, 299 and 306 (Fig. [2d](#Fig2){ref-type="fig"}). Viral escape analysis of ZIKV in the presence of MZ4 identified two separate escape mutations G182D and S368N, which led to significant reduction in MZ4 neutralization potency (Fig. [2e](#Fig2){ref-type="fig"}). Remarkably, G182D matched the natural viral sequence of DENV-1 and DENV-4 (Fig. [2d](#Fig2){ref-type="fig"}) and reduced susceptibility of these viruses to MZ4 neutralization (Fig. [1g](#Fig1){ref-type="fig"}). When tested against participant A week 8 plasma, the ZIKV G182D variant showed a 4.8-fold reduction in inhibitory dilution at 50% (ID~50~) neutralization titer over ZIKV, suggesting that MZ4-like antibodies significantly contributed to the plasma neutralization after two ZPIV vaccinations (Fig. [2f](#Fig2){ref-type="fig"}).

To further understand MZ4 recognition, we compared the MZ4 epitope to epitopes within the same region of previously described ZIKV- or DENV-targeting antibodies^[@CR13],[@CR15],[@CR19]--[@CR21]^ (Extended Data Fig. [7](#Fig11){ref-type="fig"}). Although the cross-neutralizing epitope recognized by the MZ4 family members is unique, the highest degree of epitope overlap was identified with mAb 5H2^[@CR22]^, a chimpanzee DENV-4-specific mAb (68% BSA). The 5H2 epitope, like MZ4, included several residues of the DI/DIII linker^[@CR19]^ (Extended Data Fig. [7](#Fig11){ref-type="fig"}), but is limited in breadth due to lower sequence homology within the DI region of its epitope. The MZ4 epitope also partially overlapped with epitopes from DIII mAbs that target residues near the DI/DIII linker C terminus (Extended Data Fig. [7a--c](#Fig11){ref-type="fig"}). In agreement with this structural analysis, binding of MZ4 to ZIKV E was blocked by pre-incubation with DIII mAbs [Z004](https://www.ncbi.nlm.nih.gov/nuccore?term=Z004) (ref. ^[@CR15]^), ZV-67^[@CR13]^ and ZKA190^[@CR14]^, and 5H2^[@CR19],[@CR22]^ to DENV-4 E. Minimal binding competition was observed with MZ4 using 3H5^[@CR21],[@CR23]^ or Ab513^[@CR20]^ to DENV-2 and -4, respectively, that had minimal epitope overlap (Extended Data Fig. [7d](#Fig11){ref-type="fig"}).

Passive protection studies were next performed to investigate whether antibodies targeting the DI/DIII linker would protect against ZIKV and DENV-2 replication in vivo. A single dose of 200 µg (10 mg kg^−1^) of MZ4 or MZ1 fully protected mice from ZIKV viremia, in a previously described wild-type mouse model^[@CR6]^, where mice were challenged with 10^5^ viral particles. The viral load peaked three to four days post-challenge within the sham control group, whereas viral replication was undetectable over the course of the experiment when MZ4 or MZ1 was provided prophylactically (Fig. [3a](#Fig3){ref-type="fig"}, top). MZ4 also protected against viral dissemination into the brain, spleen and lymph nodes, while detectable RNA was found in the spleen and lymph nodes of the control mice (Fig. [3a](#Fig3){ref-type="fig"}, bottom left). To probe the minimal dose of MZ4 required for sterile protection, we titrated the MZ4 dose until protection was lost in 30 mice (Extended Data Fig. [8](#Fig12){ref-type="fig"}). Protection decreased gradually with the antibody dose yielding an effective dose at 50% (ED~50~) of 2.55 µg (0.012 mg kg^−1^) (Fig. [3a](#Fig3){ref-type="fig"} bottom right and Extended Data Fig. [8](#Fig12){ref-type="fig"}). In a DENV-2 *Ifnar*^−/−^ non-lethal mouse model, MZ4 protected mice from weight loss and significantly reduced viral burden in the serum, kidney, spleen, brain and lymph nodes (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3MZ4 protects mice in vivo from ZIKV and DENV-2 replication.**a**, Prophylaxis in a ZIKV replication mouse model. Antibodies were infused into groups of naive recipient wild-type (WT) Balb/c mice (*n* = 5 per group) and challenged with 10^5^ viral particles (10^2^ plaque-forming units, p.f.u.) of ZIKV BR/2015. ZIKV viral loads were measured post-challenge by RT--PCR. Top: MZ4 and MZ1 afford complete protection from ZIKV replication at a single dose of 200 µg (10 mg kg^−1^). Bottom left: a subset of mice (*n* = 5 per group) were euthanized at day 3 and tissues were examined for the presence of ZIKV RNA. MZ4 prevented viral dissemination into the spleen and axillary lymph nodes (LN). Asterisks indicate significance from a two-tailed Mann--Whitney *t*-test, *P* = 0.0079, *n* = 5. Bottom right: in vivo titration of MZ4 prophylactic dose. Forty mice were infused with de-escalating doses of MZ4 (*n* = 5 per dose). A Kaplan--Meier plot of MZ4 dose-dependent protective effects on ZIKV replication is shown. An ED~50~ of 2.55 µg (95% confidence interval (2.139, 3.262)) was calculated as the dose required to protect half of the animals using a five-parameter logistic regression analysis. **b**, Prophylaxis in a DENV-2 non-lethal weight loss mouse model. Antibodies were infused at a single dose of 200 µg into groups of naive *Ifnar*^−/−^ C57BL/6 mice (*n* = 10 per group) prior to DENV-2 [S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803) challenge (10^6^ p.f.u.). Mice were observed daily for weight loss and signs of clinical illness. Left: MZ4 protected mice from weight loss. Right: a subset of mice (*n* = 5 per group) were euthanized on day 3 post-infection to examine tissues for the presence of DENV-2 RNA. MZ4 significantly reduced DENV-2 viremia and dissemination into the tissues. Asterisks indicate significance by two-tailed Mann--Whitney *t*-test, *P* = 0.0079, *n* = 5. Bars indicate median values. Dashed lines indicate the limit of detection of the assay.[Source data](#MOESM5){ref-type="media"}

Because high binding and neutralizing titers were detected at week 2 following the first ZPIV vaccination, we sought to determine if these early neutralization responses were associated with the induction of MZ4-like antibodies. Therefore, we utilized the same B cell sorting strategy to isolate antigen-positive B cells two weeks following the first vaccination (Extended Data Fig. [1](#Fig5){ref-type="fig"}). Using this approach, we isolated a mAb with high sequence similarity to MZ4, identical CDR3 lengths, and heavy and light chain inferred precursor genes (Fig. [4a](#Fig4){ref-type="fig"}), which we called 'MZ2', for two weeks following the first vaccination. MZ2 yielded nearly identical binding, affinity and neutralization potency as MZ4 (Fig. [4b--d](#Fig4){ref-type="fig"} and Extended Data Fig. [9a--c](#Fig13){ref-type="fig"}), and targeted a similar epitope within the DI/DIII linker on ZIKV and DENV-2 (Extended Data Fig. [9d](#Fig13){ref-type="fig"}). In addition, MZ2 was able to protect against ZIKV and DENV-2 viremia and viral dissemination in mice (Fig. [4e--h](#Fig4){ref-type="fig"}). These data provide evidence that a single dose of ZPIV was sufficient to elicit cross-reactive neutralizing antibodies with the potential to protect against ZIKV and DENV-2 in participant A.Fig. 4A single ZPIV vaccination elicited potent MZ4-like antibodies.**a**--**h**, Identification and characterization of MZ2, an MZ4-like antibody isolated two weeks following the first vaccination in participant A. **a**, Sequence alignment of MZ2 and MZ4 antibodies and precursor germline genes. ZIKV E contact residues are indicated as in Fig. [2](#Fig2){ref-type="fig"}, with somatic mutations highlighted in bold purple. Residues that differ between MZ2 and MZ4 are underlined. **b**, Neutralization (FlowNT) of MZ2 against ZIKV and DENV1--4. **c**,**d**, Comparison of MZ2 and MZ4 neutralization potencies against ZIKV (Paraiba_01) (**c**) and DENV-2 ([S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803)) (**d**). Shown are the mean % neutralization obtained from two independent experiments with the IC~50~ (ng ml^−1^) indicated in parentheses for each virus. **e**,**f**, MZ2 prevents ZIKV replication in serum (**e**) and tissues (**f**). Groups of naive recipient Balb/c mice (*n* = 5 per group) were treated with MZ2 (200 µg) and challenged with ZIKV as described in Fig. [3](#Fig3){ref-type="fig"}. Tissues were harvested at day 3 post-challenge. Asterisks indicate significance was reached using a two-tailed Mann--Whitney *t*-test, *P* = 0.0079, *n* = 5 mice. Bars indicate median value. **g**,**h**, Protective effect of MZ2 in a DENV-2 mouse model. MZ2 prevents weight loss (**g**) and significantly reduces viral burden in (**h**) serum and tissues. Groups of naive *Ifnar*^−/−^ C57BL/6 mice (*n* = 10 per group) were treated with MZ2 (200 µg) and challenged with DENV-2 [S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803) as described in Fig. [3](#Fig3){ref-type="fig"}. Dotted lines indicate the limit of detection of the assay, and the solid bars indicate the median DENV-2 viral burden. Asterisks indicate significance using a two-tailed Mann--Whitney *t*-test, *P* = 0.0079, *n* = 5 mice. **i**, Aggregate ZIKV geometric mean neutralization titers from ZPIV-vaccinated individuals in the Puerto Rico trial who had prior flavivirus exposure (red, *n* = 34) compared to flavivirus-naive (blue, *n* = 20) individuals enrolled in the Walter Reed Army Institute of Research (WRAIR) vaccine clinical trial. ZIKV neutralization titers were assessed and compared at baseline (week 0), four weeks following the first vaccination (week 4) or second vaccination (week 8) between each group. **j**, Comparison of ZIKV plasma microneutralization titers between flavivirus-naive (blue, five representative participants), flavivirus-experienced vaccinees from Puerto Rico (red, five representative participants) and participant A (black) at baseline (week 0), two weeks following the first vaccination (week 2) and four weeks following the second vaccination (week 8). Bars indicate geometric mean titers with 95% confidence intervals. **k**, Cross-neutralization titers against ZIKV, DENV1--4, WNV, JEV and YFV in the same flavivirus-experienced (left, *n* = 5) and flavivirus-naive (right, *n* = 5) vaccinated participants described in **j**. Dotted lines indicate the lower limit of detection of the assay.[Source data](#MOESM6){ref-type="media"}

To determine how prior flavivirus exposure shaped the ZPIV-elicited responses, longitudinal plasma samples from participant A were analyzed for flavivirus binding and neutralization and compared to responses from ZPIV-vaccinated individuals without prior flavivirus exposure (Extended Data Fig. [10a,b](#Fig14){ref-type="fig"}). Although participant A elicited high-magnitude ZIKV and DENV-2 binding and neutralizing antibodies two weeks following a single vaccination (Extended Data Fig. [10a](#Fig14){ref-type="fig"}), flavivirus-naive donors who received the same ZPIV vaccine regimen demonstrated modest ZIKV binding and neutralization titers after the first vaccination, with no cross-reactivity to DENV-2 (Extended Data Fig. [10b](#Fig14){ref-type="fig"}). To determine if the ZPIV-elicited vaccine responses in flavivirus-experienced individuals were unique to participant A, we examined the immune responses from a set of flavivirus-experienced individuals from Puerto Rico who received the same ZPIV vaccination regimen ([NCT03008122](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT03008122)). Similar kinetics of ZIKV neutralization following vaccination were also observed in the flavivirus-experienced Puerto Rican individuals (Fig. [4i,j](#Fig4){ref-type="fig"}), where a single dose of ZPIV elicited high ZIKV neutralization titers. In addition to ZIKV neutralization, cross-neutralizing antibody responses against DENV-2, DENV-3, JEV and WNV were boosted following the first ZPIV dose (Fig. [4k](#Fig4){ref-type="fig"}) and maintained after the second ZPIV vaccination (Fig. [4k](#Fig4){ref-type="fig"}), similar to participant A. These results are in marked contrast to the flavivirus-naive individuals where cross-neutralizing antibody responses were absent (Fig. [4k](#Fig4){ref-type="fig"}).

In this study, we isolated potent ZIKV-DENV cross-neutralizing antibodies from three different B cell lineages, indicating that ZPIV vaccination was able to induce neutralizing responses through multiple genetic pathways. Biophysical mapping and structural characterization revealed that the most potent mAb, MZ4, targeted a novel epitope centered at the DI/DIII linker in both ZIKV and DENV-2. MZ4 belongs to a new class of ZIKV/DENV cross-neutralizing antibodies, adding to previously characterized cross-neutralizing epitopes such as the fusion loop epitope targeted by 2A10G6^[@CR24]^, the E dimer epitope^[@CR12]^ and the DIII lateral ridge epitope recognized by [Z004](https://www.ncbi.nlm.nih.gov/nuccore?term=Z004) (ref. ^[@CR15]^). The MZ4 epitope is unique but overlaps with a previously identified chimpanzee DENV-4 specific mAb, 5H2^[@CR22]^. Given the epitope overlap, it is likely that MZ4 binding to the DI/DIII linker prevents the structural rearrangements required for the formation of the fusogenic E trimer^[@CR25]^, thereby blocking membrane fusion in the endosome as demonstrated for 5H2^[@CR19]^. MZ4 was exceptionally potent against ZIKV and DENV-2, with an IC~50~ on par with the most potent ZIKV and DENV-2 specific mAbs described so far. In vivo, animal challenge studies demonstrated that MZ4 protected mice from viremia and viral dissemination following ZIKV and DENV-2 challenge. The therapeutic potential of MZ4 can be further enhanced by introduction of the LALA mutation, to minimize antibody-dependent enhancement, and possible combination with mAbs of different specificities to prevent viral escape.

MZ2, an antibody with similar potency and characteristics as MZ4, was isolated following the first vaccination, suggesting that a single immunization was sufficient to elicit these potent cross-reactive antibodies. Such a rapid appearance suggests that MZ4 originated from a DENV-primed memory B cell recalled upon ZIKV vaccination. We were, however, not able to recover any MZ4-like antibodies prior to ZPIV vaccination by performing the same B cell sorting on week 0 PBMCs from participant A. If MZ4-like encoding memory B cells were present in the periphery prior to vaccination, their low frequency prevented isolation using our current methods. Further studies are needed to determine the ontogeny of this antibody lineage.

ZPIV vaccination also elicited neutralization responses of similar magnitude after a single ZPIV vaccination in flavivirus-experienced individuals from Puerto Rico, indicating that the kinetics of this type of response characterized in participant A could be reproducibly elicited in other flavivirus-primed individuals. These results indicate that a single ZPIV vaccination in individuals with prior exposure to DENV may induce an antibody response that mediates protection against both ZIKV and DENV-2 infection. Furthermore, the beneficial effects of prior DENV exposure described here in the context of vaccination could offer mechanistic insights into the recent finding that pre-existing, high antibody titers to DENV were associated with reduced risk of ZIKV infection and symptoms in a large Brazilian prospective cohort^[@CR26]^. The implications of this study are that ZIKV vaccination can boost existing DENV responses while generating potent ZIKV-neutralizing responses and may have unique potential as a preventative strategy in settings where both viruses are prevalent.

Methods {#Sec2}
=======

ZPIV clinical studies {#Sec3}
---------------------

Monoclonal antibodies were isolated from a flavivirus-experienced participant (participant A) enrolled in the Z001 Zika purified inactivated virus (ZPIV) phase 1 vaccine clinical trial ([NCT02937233](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT02937233)) conducted at Beth Israel Deaconess Medical Center (BIDMC). Participant A is a US resident originally born in a flavivirus-endemic area that did not report any clinical history of flavivirus infection or receipt of a flavivirus vaccination. Participant A did report traveling back to their origin of birth every few years, but not in the five years preceding enrollment of the trial. Flavivirus-naive plasmas were obtained from participants enrolled in the WRAIR 2350 (RV478) ZPIV phase 1 vaccine clinical trial ([NCT02963909](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT02963909)) conducted at Walter Reed Army Institute of Research (WRAIR). Plasma from flavivirus-experienced individuals was obtained from study 16-0034 ([NCT03008122](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT03008122)), a phase I study conducted in Puerto Rico to evaluate the safety and immunogenicity of ZPIV in individuals from a flavivirus endemic area. All participants were vaccinated with 5 µg of ZPIV formulated with aluminum hydroxide gel adjuvant on days 1 (week 0) and 29 (week 4), as previously described^[@CR7]^. For further evaluation of flavivirus cross-neutralization, five individuals were randomly selected from the Puerto Rican ([NCT03008122](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT03008122)) and WRAIR ([NCT02963909](https://clinicaltrials.gov/ct2/show/NCT03690193?term=NCT02963909)) ZPIV clinical trials based upon prior flavivirus exposure using a panel of flavivirus microneutralization assays. For the Puerto Rican flavivirus-experienced individuals, five individuals were randomly selected with confirmed flavivirus exposure prior to ZPIV vaccination as determined by microneutralization. Similarly, for the flavivirus-naive WRAIR individuals, individuals were selected who tested negative to other flaviviruses via neutralization at baseline prior to ZPIV vaccination. All authors have complied with the ethical regulations regarding these studies. The studies were approved by the BIDMC, WRAIR, St Louis University and Quorum Central (now Advarra Central) Institutional Review Boards, and written informed consent was obtained from all participants. Please see the Life Sciences Reporting Summary for further information on these clinical trials.

Preparation of viruses {#Sec4}
----------------------

Unless otherwise indicated, all viruses used in this study were produced from C6/36 mosquito cells. Briefly, C6/36 cells were grown in T75 flasks and infected with ZIKV (Paraiba_01, GenBank [KX280026](https://www.ncbi.nlm.nih.gov/nuccore/KX280026)), DENV-1 (WestPac74, GenBank [U88535](https://www.ncbi.nlm.nih.gov/nuccore/U88535)), DENV-2 (S16803, GenBank [GU289914](https://www.ncbi.nlm.nih.gov/nuccore/GU289914)), DENV-3 (CH53489, GenBank [DQ863638](https://www.ncbi.nlm.nih.gov/nuccore/DQ863638)) or DENV-4 (TVP360, GenBank [KU513442](https://www.ncbi.nlm.nih.gov/nuccore/KU513442)) at a multiplicity of infection of \~0.1 p.f.u. per cell. Infected cell culture supernatants were collected on day 5 post-infection. Viruses were pelleted by ultracentrifugation on a 30% sucrose cushion and resuspended in phosphate-buffered saline (PBS). The purity of the viral preparations was verified by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE). For the microneutralization assay, ZIKV (PRVABC59, GenBank [KX087101](https://www.ncbi.nlm.nih.gov/nuccore/KX087101)), DENV-1 (WestPac74), DENV-2 (S16803), DENV-3 (CH53489), DENV-4 (TVP360), JEV (SA14-14-2), WNV (4Delta30-Sw\#134) and YFV (17-D) were passaged in Vero cells at least once. Viral supernatants were clarified, filtered, stabilized in 50% FBS and stored at −80 °C in single use aliquots.

Sorting of ZIKV-positive B cells {#Sec5}
--------------------------------

PBMCs from participant A were collected prior to ZPIV vaccination (week 0), two weeks after the first vaccination (week 2) and four weeks following the second ZPIV vaccination (week 8). PBMCs were also obtained from known ZIKV-naive participants at week 0 enrolled in the WRAIR ZPIV phase 1 vaccine clinical trial described above where individuals were tested for prior ZIKV exposure by ZIKV neutralization assays at baseline. Cryopreserved PBMCs were thawed in warm medium containing benzonase, then washed with PBS and stained for viability using Invitrogen Aqua Live/Dead stain. Cells were incubated at 4 °C for 30 min with a cocktail of antibodies including CD3 BV510 (BD Biosciences), CD4 BV510 (BD Biosciences), CD8 BV510 (BioLegend), CD14 BV510 (BioLegend), CD16 BV510 (BD Biosciences) and CD56 BV510 (BioLegend) as dump channel markers, and CD19 ECD (Beckman Coulter), IgG BV785 (BioLegend), IgD APC-Cy7 (BioLegend) and IgM PE-Cy5 (BD Biosciences). ZIKV E and DENV-2 E were tetramerized and conjugated to BV421 (BioLegend) and BV650 (BioLegend), respectively. To obtain monoclonal antibodies that target quaternary epitopes, primary staining also included live whole ZIKV virions (Paraiba_01) followed by secondary staining using 4G2^[@CR27]^ (Biovest) conjugated to APC (Thermofisher). FlowJo version 9.9.6 was used for data analysis and generation of the flow plots. See Extended Data Fig. [1](#Fig5){ref-type="fig"} for the gating strategy. CD19^+^/IgG^+^/IgD^−^/IgM^−^ B cells reactive to ZIKV-E, DENV-E or whole ZIKV virions were sorted directly into lysis buffer (murine RNAse inhibitor (New England Biolabs), dithiothreitol (DTT) and SuperScript III First Strand Buffer (ThermoFisher), Igepal (Sigma) and carrier RNA (Qiagen) at one cell per well into PCR plates using a FACSAria (Becton Dickinson) and stored at −80 °C until subsequent reverse transcription. We focused on sequencing and cloning B cell receptors (BCRs) from DENV-2 E positive B cells with and without cross-reactivity with ZIKV E or whole ZIKV virions. The same sorting strategy was performed from PBMCs obtained from participant A at week 0, prior to ZPIV vaccination, to determine if MZ4 family members were present prior to vaccination, and at week 2, two weeks following first ZPIV vaccination, where high neutralization titers against ZIKV and the four DENV serotypes were observed. Sorting at week 8 with a comparable numbers of B cells was performed on a different day compared to PBMCs from participant A at week 0 and week 2, and the ZIKV-naive donor. Increased frequencies of antigen-specific and cross-reactive B cells were detected against all antigens (whole ZIKV virions, ZIKV E and DENV-2 E) between week 0 and week 2 (Extended Data Fig. [1b](#Fig5){ref-type="fig"}).

Antibody sequencing and production {#Sec6}
----------------------------------

RNA from single B cells was reverse-transcribed using random hexamers and the SuperScriptIII kit (ThermoFisher). Antibody V (D) J genes were amplified from the cDNA by nested PCR, using a HotStar Taq DNA Polymerase kit (Qiagen) and a combination of primer sets and methods as described previously^[@CR8]--[@CR11]^. V (D) J gene assignment, somatic hypermutation and CDR3 determinations were performed using IgBlast^[@CR28]^. Antibody variable regions were synthesized and cloned (Genscript) into CMVR expression vectors (NIH AIDS reagent program) between a murine Ig leader (GenBank [DQ407610](https://www.ncbi.nlm.nih.gov/nuccore/DQ407610)) and the constant regions of human IgG1 (GenBank [AAA02914](https://www.ncbi.nlm.nih.gov/nuccore/AAA02914)), Igκ (GenBank [AKL91145](https://www.ncbi.nlm.nih.gov/protein/AKL91145)) or Igλ (GenBank [AAA02915](https://www.ncbi.nlm.nih.gov/protein/AAA02915)). Plasmids encoding heavy and light chains were co-transfected into Expi293F cells (ThermoFisher) according to the manufacturer's instructions. After five days, antibodies were purified from cleared culture supernatants with protein-A agarose (ThermoFisher) using standard procedures, buffer exchanged into PBS and quantified from *A*~280~ measurements. The purity and stability of the monoclonal antibodies were assessed by SDS--PAGE and Coomassie staining in both reducing and non-reducing conditions. Control antibodies 2A10G6^[@CR24]^, EDE1-C8 and EDE2-A11^[@CR12],[@CR29]^, Z3L1^[@CR30]^, Z004^[@CR15]^, ZV-67^[@CR13]^, ZKA190^[@CR14]^, Ab513^[@CR20]^, 2D22^[@CR31]^ and VRC01^[@CR10]^ were all expressed as human IgG1 and purified from Expi293F cells, as described above. 3H5 was provided by Harlan (now Envigo) and produced using a hybridoma cell line^[@CR23]^.

Fab production {#Sec7}
--------------

Endoproteinase LysC (from New England BioLabs) at a ratio of 1:2000 (wt/wt) was incubated with MZ antibodies in PBS buffer (pH 7.4). Reaction was allowed to proceed for 3--5 h in a shaker incubator at 37 °C with 100 r.p.m. shaking speed. Digestion was assessed by SDS--PAGE and, upon completion, the reaction mixture was passed through protein-A beads (0.5--1 ml beads) three times and the final flowthrough was assessed by SDS--PAGE for purity.

Production of recombinant proteins {#Sec8}
----------------------------------

Recombinant ZIKV soluble E protein (1--404) from strain PRVABC59 (GenBank [KX087101](https://www.ncbi.nlm.nih.gov/protein/KX087101)) and DENV-2 E (1--396) from strain 16681-PDK53 (GenBank [M84728](https://www.ncbi.nlm.nih.gov/nuccore/M84728)) were produced with C-terminal AviTag and poly-histidine tags from Expi293F cells. The coding sequence for prM/E was synthesized (Genscript) and cloned into the pcDNA3.4 vector (ThermoFisher) downstream from a murine Ig leader sequence. Following transient co-transfection with a furin (GenBank [BC012181](https://www.ncbi.nlm.nih.gov/nuccore/BC012181)) expression vector, mature E proteins were purified from cell culture supernatants using a Ni-NTA (Qiagen) affinity column. An isolated E domain III (303--404) was expressed by deleting the prM and domains I--II from the full-length prM/sE pcDNA3.4 construct. A cleavable twin-strep-tagged ZIKV E version as well as a DENV-4 soluble E protein were also expressed from stably transfected S2 cells using the Drosophila expression system from ThermoFisher according to the manufacturer's instructions. Briefly, DNA fragments encoding the first 405 residues of E from strain PRVABC59 and the first 396 residues of DENV-4 E (GenBank [AER00190](https://www.ncbi.nlm.nih.gov/nuccore/AER00190)) were synthesized (Genscript) with either a C-terminal human rhinovirus 3c protease (HRV-3c) cleavage site followed by a twin-strep tag (IBA) or a C-terminal AviTag and poly-histidine tags, respectively, and cloned into the pMT-BiP vector (ThermoFisher). S2 cells were co-transfected with the respective pMT-BiP expression vector and the pCoBlast selection vector at a 19:1 (wt/wt) ratio. Stably transfected cells were selected with Blasticidin and adapted to suspension and serum-free medium (Lonza Insect Xpress). Expression was induced with 0.5 mM CuSO~4~ and culture supernatants were harvested after seven days. The insect-produced ZIKV E was purified on a StrepTactin XT column (IBA) following the manufacturer's instructions and by gel filtration on an ENrich SEC 650 column (Bio-Rad) or GE Sephadex S200 column to obtain pure monomeric ZIKV E proteins. The DENV-4 E protein was purified using a Ni-NTA (Qiagen) affinity column.

Cell lines {#Sec9}
----------

D1-4G2-4-15 mouse hybridoma (ATCC \#HB-112), C6/36 (ATCC \#CRL-1660), Vero (ATCC \#CCL-81), Expi293F (ThermoFisher Scientific \#A14527), DS-2 (ThermoFisher Scientific \#R69007), U937-DC-SIGN (ATCC \#CRL-3253) and K562 (ATCC \#CCL-243) cell lines were utilized in this study.

Biolayer interferometry {#Sec10}
-----------------------

Real-time interactions between purified E proteins and antibodies were monitored on an Octet RED96 instrument (FortéBio). Avi-tagged recombinant ZIKV or DENV-2 E proteins, biotinylated with the BirA biotinylation kit (Avidity), diluted in kinetics buffer (0.1% (wt/vol) bovine serum albumin (BSA), 0.02% (vol/vol) Tween-20 in PBS; FortéBio) and immobilized on streptavidin (SA) biosensors (FortéBio) at \~50% of the sensor maximum binding capacity. Baseline was established in kinetics buffer. To measure Fab affinities, loaded biosensors were dipped into wells containing serial dilutions of the antibody Fab fragments for 450 s. ZIKV E:Fab complexes were then allowed to dissociate in buffer. After reference subtraction, apparent binding kinetic constants were determined from at least four concentrations of Fab by fitting the curves to a 1:1 binding model using the Data Analysis software 9.0 (FortéBio). For measurement of plasma binding responses, loaded biosensors were dipped into wells containing plasma diluted at 1/40 in kinetic buffer for 900 s. The affinity of plasma polyclonal responses was estimated by measuring binding off-rates, as follows. Purified E proteins were loaded on SA biosensors at very low density (\~5% of the sensor maximum binding capacity), followed by an association step of 1,800 s and a 3,600 s dissociation step in buffer. Off rates were calculated by fitting at least four dissociation curves obtained with a twofold dilution series of plasma to a 1:1 binding model.

Binding competition assays {#Sec11}
--------------------------

The epitopes of the ZIKV-neutralizing mAbs were initially mapped by binding competition with a set of characterized control antibodies using biolayer interferometry (BLI). Sensors loaded with ZIKV E, DENV-2 E or DENV-4 E, as described above, were immersed into wells containing the first competing antibody at a concentration (ranging from 100 to 800 nM) necessary to reach binding saturation after 900 s. Next, biosensors were dipped into wells containing the second antibody, in the presence of the first competing antibody, and binding was measured after 900 s of association. The residual binding signal of the second antibody was expressed as a percentage of the maximum binding signal obtained in the presence of a non-binding control antibody (VRC01), run in parallel. As some competing antibodies did not reach saturation after the first 900 s association and continued to contribute to the binding signal together with the second antibody, a set of controls were run independently with all first competing antibodies alone for a 1,800 s association. The difference in signals obtained at *t* = 1,800 s and *t* = 900 s was subtracted from the signal obtained in the presence of the second antibody to generate a corrected residual binding signal. Antibodies were defined as competing when the binding signal of the second antibody was reduced to less than 30% of its maximum binding capacity, and non-competing when binding was greater than 70%. Intermediate competition was defined by binding levels of 30--70%. The HIV-1 specific VRC01 monoclonal antibody served as a negative control.

ELISA binding assays to ZIKV and DENV-2 whole virions and monomeric E glycoproteins {#Sec12}
-----------------------------------------------------------------------------------

The binding of antibodies to whole ZIKV or DENV-2 viruses as described above was measured using a capture ELISA assay. ELISA plates were coated overnight at 4 °C with the capture antibody 4G2 at 100 ng per well in borate saline pH 9.0 buffer. After washes in PBS-T (PBS with 0.05% (vol/vol) Tween-20), plates were blocked with 1% (vol/vol) normal goat serum, 0.25% (wt/vol) BSA, 0.1% (vol/vol) Tween-20 for 30 min at 37 °C. Washes in PBS-T were performed after each subsequent step and all dilutions were made in blocking buffer. ZIKV and DENV were diluted and added at 50 µl per well and incubated for 2 h at 37 °C. Serial fourfold dilutions of antibodies starting at 20 µg ml^−1^ were added to the plate in duplicate and incubated for 2 h at 37 °C. Secondary horseradish peroxidase (HRP)-conjugated anti-human/simian IgG were added for 1 h at 37 °C and plates were developed using 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase substrate (KPL) and immediately read at 650 nm. The binding curves were fitted using a four-parameter logistic regression model in Prism 7 software (GraphPad). Values indicate mean binding responses calculated from two independent experiments.

Binding of antibodies to recombinant ZIKV or DENV-2 E proteins was also performed in a standard ELISA assay. ELISA plates were coated overnight at 4 °C with 100 ng of purified ZIKV or DENV-2 E (as described above) in sodium bicarbonate/carbonate pH 9.4 buffer. Plates were then blocked with 5% (wt/vol) nonfat dry milk, 1% (wt/vol) BSA in PBS for 1 h at 37 °C. Washes between each step were performed with 0.1% (vol/vol) Triton-X100 in PBS. Serial fourfold dilutions of antibodies starting at 20 µg ml^−1^ in 5% (vol/vol) FBS, 2% (wt/vol) BSA, 1% (vol/vol) Triton X100 in PBS were added to the plate in duplicate and incubated for 1 h at room temperature (RT). Secondary HRP-conjugated antibodies, substrate and data analysis were as described above for the whole virus ELISA. Values indicate mean binding responses calculated from two independent experiments.

Shotgun mutagenesis epitope mapping {#Sec13}
-----------------------------------

Epitope mapping was performed by shotgun mutagenesis as described previously^[@CR17],[@CR32],[@CR33]^. Briefly, ZIKV (SPH2015) and DENV-2 (16681) prM/E expression constructs were subjected to high-throughput alanine scanning mutagenesis to generate a comprehensive library of individual mutations where each residue within prM/E was changed to alanine, with alanine mutated to serine. MAb reactivities against each mutant prM/E clone were calculated relative to wild-type prM/E reactivity by subtracting the signal from mock-transfected controls and normalizing to the signal from wild-type prM/E-transfected controls. Mutations within clones were identified as critical to the mAb epitope if they did not support reactivity of the test mAb, but supported reactivity of other ZIKV mAbs. This counter-screen strategy facilitated the exclusion of prM/E mutants that are locally misfolded or have an expression defect. Residues from which substitution to alanine causes \>60% loss in binding were considered important for binding.

Selection of MZ4 neutralization-resistant ZIKV variants {#Sec14}
-------------------------------------------------------

Based on previous experience, to quickly select for MZ4 neutralization-resistant variants and confirm the mapping of the MZ4 epitope, ZIKV was incubated with high concentrations of MZ4 before infection of Vero cell monolayers. Approximately 6 log~10~ p.f.u. of ZIKV virus (Paraiba_01, produced in Vero cells) were mixed with an equal volume of purified MZ4 at 50, 5, 0.5 and 0.05 µg ml^−1^ or medium-only control and incubated at 37 °C for 45 min. Following incubation, the mixtures were used to infect Vero cell monolayers in T25 flasks, which were incubated at 37 °C in medium containing the respective concentration of MZ4 or medium only and observed daily for cytopathic effect (CPE). After observing CPE, the cell culture supernatant was harvested, and a standard plaque titration assay was performed in Vero cells. Two plaques each were picked from flasks with 50 µg ml^−1^ and 5 µg ml^−1^ of MZ4 after the first passage. The plaque purified viruses were passaged once in Vero cells to generate working stocks, which were sequenced and tested in neutralization assays with MZ4 in comparison with the virus passage control. Of the four viruses sequenced after the first passage, one contained the envelope G182D mutation and three had the S368N mutation, including the two viruses isolated from the flask with 5 µg ml^−1^ of MZ4.

Microneutralization {#Sec15}
-------------------

A high-throughput microneutralization (MN) assay was performed as previously described^[@CR6],[@CR7],[@CR34]^. The pan flavivirus mAb 6B6-C1 (a gift from J.T. Roehrig) was used to detect ZIKV, JEV, WNV and YFV, while 4G2 was used for the DENV1--4 assays. Assays were validated using the following criteria: the average absorbance at 450 nm of three non-infected control wells had to be ≤0.5, and that of virus-only control wells had to be ≥0.9. The percent reduction of infection was calculated from normalized absorbance values, and the antibody concentration (ng ml^−1^) at which 50% neutralization (IC~50~) is observed was derived using a five-parameter logistic regression analysis performed with the N-Parameter Logistic Regression (nplr) R package version 0.1-7^[@CR35]^. Reported IC~50~ values are geometric means calculated from at least two independent experiments.

Flow neutralization test (FlowNT) {#Sec16}
---------------------------------

A flow cytometry-based assay was used to determine the neutralization activity of purified recombinant mAb and plasma, as previously described^[@CR36]^. Neutralization curves of the aggregate data were graphed in Prism (version 7, GraphPad Software) using a four-parameter logistic regression analysis with the top and bottom of the curves constrained to 100 and 0, and error bars indicating the standard error of the mean (s.e.m.). Reported IC~50~ values were calculated using a five-parameter logistic regression analysis, as described for the MN assay and under [Statistical](#Sec24){ref-type="sec"} Analysis. Data are presented as mean ± s.e.m. calculated from at least two independent experiments performed in triplicate.

Plaque reduction neutralization test (PRNT) {#Sec17}
-------------------------------------------

Serial dilutions of mAbs were mixed with an equal volume of virus, produced in Vero cells, and incubated for 1 h at 37 °C followed by infection of Vero cell monolayers in triplicate. Plaques were visualized by staining with Neutral Red. Neutralization curves were graphed in Prism and reported IC~50~ values were calculated using a five-parameter logistic regression analysis, as described above.

ADE assay {#Sec18}
---------

In vitro antibody-dependent enhancement of infection was quantified as previously described^[@CR36]^. The percent of infected cells are reported as fold-ADE relative to baseline percent infection of K562 cells. The HIV-1-specific mAb VRC01 served as negative control. MZ4 harboring the Fc mutations abolishing binding to Fcγ receptors^[@CR37]^ (MZ4 LALA) was generated by introducing the L234A and L235A mutations^[@CR16]^ in MZ4 heavy chain expression plasmid.

X-ray crystallography {#Sec19}
---------------------

All proteins were crystallized by hanging-drop vapor diffusion at 273 K. MZ1 Fab (7.5 mg ml^−1^), MZ4 Fab (6.5 mg ml^−1^), MZ24 Fab (8.0 mg ml^−1^), MZ1-ZIKV E complex (5.0 mg ml^−1^) and MZ4-ZIKV E complex (6.8 mg ml^−1^) were screened for crystallization conditions using an Art Robbins Gryphon crystallization robot, 0.2 µl drops, and a set of 1,200 conditions. Crystal drops were observed daily using a Jan Scientific UVEX-PS with automated ultraviolet and bright-field drop imaging. Initial crystallization conditions were optimized manually in larger 1 µl drops, and crystals used for data collection grew in the following crystallization conditions: MZ1 Fab, 0.2 M ammonium sulfate, 0.1 M sodium acetate trihydrate (pH 4.6) and 25% (wt/vol) polyethylene glycol 4,000; MZ4 Fab, 0.2 M ammonium sulfate, 0.1 M HEPES (pH 7.5) and 25% (wt/vol) polyethylene glycol 3350; MZ24 Fab, 0.1 M citric acid/NaOH (pH 4.0), 1 M lithium chloride and 20% polyethylene glycol 6000; MZ1-ZIKV E complex, 0.06 M magnesium chloride, 0.1 M imidazole MES monohydrate (pH 6.5), 20% ethylene glycol and 10% polyethylene glycol 8000; MZ4-ZIKV E complex, 1.26 M ammonium sulfate, 0.1 M CHES/NaOH (pH 9.5) and 0.2 M sodium chloride.

Diffraction data collection and processing {#Sec20}
------------------------------------------

Single crystals were transferred to mother liquor containing 22% glycerol and cryo-cooled in liquid nitrogen before data collection. Diffraction data were collected at the Advanced Photon Source (APS), Argonne National Laboratory beamlines and at the National Synchrotron Light Source II (NSLS-II). Diffraction data for MZ1 Fab and MZ4 Fab were collected at APS 19-ID beamline to a final resolution of 2.05 Å and 2.95 Å, respectively, using a Q315r charge-coupled device (CCD) detector. Diffraction data for MZ1-ZIKV E crystals were collected at APS 24-ID-E beamline and measured using a Dectris Eiger 16M PIXEL detector to a final resolution of 4.2 Å. Diffraction data for MZ4-ZIKV E complex were collected at APS 19-BM beamline and measured using an ADSC Quantum 210r CCD detector to a final resolution of 4.3 Å. MZ24 Fab diffraction data were collected at beamline NSLS-II AMX 17-ID-1 and measured using an Eiger 9M PIXEL detector to a final resolution of 2.11 Å. MZ24 Fab data reduction and scaling were carried out with the XDS-based automated data processing pipeline, DIMPLE, at the beamline. For all other crystals, diffraction data indexing, integration and scaling were carried out using the HKL2000 suite^[@CR38]^. Data collection statistics are reported in Supplementary Table [1](#MOESM1){ref-type="media"}.

Structure solution and refinement {#Sec21}
---------------------------------

Phenix xtriage was used to analyze all the scaled diffraction data output from HKL2000, suite37 and XDS (version 26 January 2018 BUILT=20180126). Primarily, data were analyzed for measurement value significance, completeness, asymmetric unit volume and possible twinning and/or pseudotranslational pathologies. All crystal structures described in this study were solved by molecular replacement using the program Phaser, version 2.1^[@CR39]^. All Fab datasets (MZ1, MZ4 and MZ24), diffracted to a resolution ranging from 2.05 Å to 2.95 Å, and phenix xtriage (version 1.11.1-2575-0000) did not identify any data quality issue. The Fv and Fc domains of EDE1-C8 Fab (PDB code [4UTA](https://www.ebi.ac.uk/pdbe/entry/pdb/4UTA)), were used to solve the crystal structure of MZ1 Fab. The MZ1 Fab structure was used to solve the crystal structures of MZ4 and MZ24 Fabs. Diffraction data for the MZ1-ZIKV E and MZ4-ZIKV E complexes were significantly anisotropic, and were corrected using the UCLA Diffraction Anisotropy Server^[@CR40]^ prior to structure solution. Phenix xtriage did not identify any data quality issues for the MZ1-ZIKV E diffraction data except anisotropic diffraction. However, diffraction data for the MZ4-ZIKV E complex crystal was significantly anisotropic and also showed twinning pathology. Phenix xtriage suggested seven possible twin laws for this dataset. Data for the MZ4-ZIKV E complex were analyzed conservatively in space group *P*1 without using the suggested twin laws to avoid an artificial drop in the *R*~free~ value. To determine the structure of the Fab-ZIKV E structures, we divided ZIKV E (PDB code [5IRE](https://www.ebi.ac.uk/pdbe/entry/pdb/5IRE)) into smaller domains (DI, DII and DIII), and the MZ1/MZ4 Fab into Fv and Fc domains, and used a sequential search procedure. This approach was critical in finding a solution for both complexes. Refinement for all structure models was carried out using Phenix refine with positional, global isotropic B-factor refinement and defined translation/libration/screw (TLS) groups. Manual model building was performed in Coot. The final stages of refinement were performed with release of all non-crystallographic symmetry (NCS) restraints. Structure quality was assessed with MolProbity (Phenix version 1.11.1-2575-0000)^[@CR41]^. The final refinement statistics for all structures are presented in Supplementary Table [1](#MOESM1){ref-type="media"}. The Ramachandran statistics for the atoms in favored, allowed and disallowed regions are as follows: MZ1 Fab, 96.0, 4.0, 0.0; MZ4 Fab, 95.0, 5.0, 0.0; MZ24 Fab, 97.0, 3.0, 0.0; MZ1-ZIKV E, 95.0, 5.0, 0.0; MZ4-ZIKV E, 96.0, 4.0, 0.0. In addition, based on the *R*~free~ values, we compared our structures to all structures with similar diffraction resolution in the PDB database. Based on this comparison, the *R*~free~ values for four of the structures had high percentile values (MZ1 Fab, 87.5; MZ4 Fab, 76.4; MZ24 Fab, 94.4; MZ1-ZIKV E, 97.0). The MZ4-ZIKV E complex structure, was at the ninth percentile, likely due to the significant anisotropy and twinning pathology of the crystal, and the inability to locate and model the Fc1 regions of the MZ4 Fab molecules. The percentile values for each structure are reported in Supplementary Table [1](#MOESM1){ref-type="media"}. PDB chains Z (ZIKV E), H (antibody heavy chain) and L (antibody light chain) were used for the structure analysis for both MZ1-ZIKV E and MZ4-ZIKV E structure complexes. Electron density 2*F*~o~--*F*~c~ maps for the MZ1-ZIKV E and MZ4-ZIKV E contact regions are shown in Extended Data Fig. [6](#Fig10){ref-type="fig"}. MZ1-ZIKV E and MZ4-ZIKV E contact residues (Fig. [2](#Fig2){ref-type="fig"} and Supplementary Tables [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}), and previously described flavivirus-neutralizing antibody-E contact residues (Extended Data Fig. [7](#Fig11){ref-type="fig"}) were identified using PISA (PDBePISA version 1.52(20/10/2014))^[@CR42]^. R.m.s.d. values for the structures of MZ1 and MZ4 in complex with ZIKV E were calculated using PyMOL (version 1.3). The MZ1-ZIKV E structure was aligned to MZ4 Fv in the MZ4-ZIKV E crystal structure to calculate the r.m.s.d. (Fig. [2a](#Fig2){ref-type="fig"}). All structure figures were generated using PyMOL (version 1.3; The PyMOL Molecular Graphics System, DeLano Scientific).

In vivo protection studies for ZIKV {#Sec22}
-----------------------------------

In vivo passive protection experiments using MZ4 were performed on three separate occasions with ZIKV challenge using six- to eight-week-old female Balb/c mice, as previously reported^[@CR6]^. Briefly, the indicated human monoclonal antibodies were infused intravenously into groups of naive recipient Balb/c mice (*n* = 5 per group) prior to ZIKV-BR (GenBank [KU497555.1](https://www.ncbi.nlm.nih.gov/nuccore/KU497555.1)) challenge. Mice received 100 µl (200 µg) of a 2 mg ml^−1^ solution of purified monoclonal antibody. To get an idea of the in vivo potency, 40 mice were used in a passive protection experiment with decreasing doses of MZ4 using a threefold dilution from 100 µg (5 mg kg^−1^) to 0.14 µg (0.07 mg kg^−1^). Two hours after infusion, mice were challenged with 10^5^ viral particles (10^2^ p.f.u.) of ZIKV BR/2015 intravenously. RT--PCR assays were utilized to monitor viral loads, as previously described^[@CR6]^, in plasma and tissues. To examine protection from viral dissemination into tissues, mice were euthanized at peak viremia (day 3) and the indicated tissues were harvested. RNA was extracted with a QIAcube HT (Qiagen). Serum samples were extracted using the Qiacube 96 Cador pathogen HT, and tissue samples were lysed in Qiazol using a Tissuelyser II (Qiagen), chloroform treated and extracted with the Qiacube 96 RNeasy HT kit. The wild-type ZIKV BeH815744 Cap gene was utilized as a standard. RNA standards were generated using the AmpliCap-Max T7 High Yield Message Maker Kit (Cell Script) and purified with an RNA clean and concentrator kit (Zymo Research). RNA quality and concentration were assessed by the BIDMC Molecular Core Facility. Log dilutions of the RNA standard were reverse-transcribed and included with each RT--PCR assay. RT--PCR was run on the Quantstudio 6 Flex (Applied Biosystems). Viral loads were calculated as virus particles (VP) per milliliter or VP per microgram of total RNA as measured on the NanoDrop (Thermo Scientific). The assay sensitivity was \>100 copies per ml and \>1 copy per µg total RNA. This study was approved by the Institutional Animal Care and Use Committee (IACUC), and research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals.

In vivo protection studies for DENV-2 {#Sec23}
-------------------------------------

*Ifnar*^−/−^ C57BL/6 female mice were obtained from Jackson Laboratories and used for DENV-2 infection studies. In this non-lethal mouse model, cohorts of 10 *Ifnar*^−/−^ mice (five weeks of age) were infected with 6.7 log~10~ p.f.u. of DENV-2 strain [S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803) by intraperitoneal injection. This dose and strain were previously shown to cause a significant amount of weight loss in *Ifnar*^−/−^ mice compared to other evaluated DENV-2 strains (data not shown). To evaluate the efficacy of the monoclonal antibodies MZ2 and MZ4 in this DENV-2 weight loss model, three groups of 10 mice each received treatment with 200 µg of MZ2, MZ4 or vehicle control by subcutaneous injection 4 h prior to virus exposure with 6.7 log~10~ p.f.u. of DENV-2 strain [S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803) by intraperitoneal injection. Mice were observed daily for weight loss and signs of clinical illness. A subset of mice (*n* = 5 per group) were deeply anesthetized for blood sampling using cardiocentesis on day 3 post-infection to determine viremia followed by euthanasia to collect the following tissues for virus dissemination: kidney, liver, spleen, brain and axillary lymph node. DENV in sera and homogenized tissues was determined as previously described^[@CR43]^, with modification (the DENV-2 probe fluorophore was changed to JOE). RNA was extracted using the MagMax-96 Viral RNA isolation kit (Applied Biosystems) on the Kingfisher Flex Purification System (ThermoFisher Scientific). Eluted RNA was quantified by quantitative RT--PCR (qRT--PCR) using the SuperScript III Platinum One-Step qRT--PCR kit (ThermoFisher Scientific) on a QuantStudio 7-Flex Real-Time PCR instrument (ThermoFisher Scientific). DENV RNAemia was calculated as genome equivalents (GE) per milliliter using an internal standard curve of 10-fold serially diluted in vitro-transcribed RNA. The limit of quantitation defined here as detection of a standard curve dilution in ≥95% of at least 20 replicate curves tested, is 50 genome equivalents (GE) per reaction.

Statistical analysis {#Sec24}
--------------------

Binding experiments are presented as the mean values ± s.e.m. calculated from two independent experiments. Neutralization is the geometric mean of the IC~50~ values calculated using five-parameter regression from at least two independent experiments performed in triplicate. A Wilcoxon paired signed rank test was performed to verify the existence of significant differences in antibody neutralization activities between week 0 and week 2 antibody responses. A five-parameter logistic regression^[@CR35]^ was used to calculate the MZ4 ED~50~ in the mouse experiment. The number of parameters was optimized simultaneously using nonlinear minimization given a sum of squared error functions. A Mann--Whitney *t*-test was used to verify the existence of significant differences in viral burden between sham and MZ4- or MZ2-treated mice for a given organ and also to examine the existence of significant differences in ZIKV neutralization titers between flavivirus-naive and -experienced vaccinees at weeks 2 and 8. All tests, except for the Mann--Whitney *t*-test (performed in Prism, version 8, GraphPad Software), were performed in R (version 3.5.1) and R studio (1.1.442). Data were graphed using Prism software (version 7, GraphPad Software).

Reporting Summary {#Sec25}
-----------------

Further information on research design is available in the [Nature Research Reporting Summary](#MOESM2){ref-type="media"} linked to this article.
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Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information, acknowledgements, peer review information; details of author contributions and competing interests; and statements of data and code availability are available at 10.1038/s41591-019-0746-2.
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Extended Data Fig. 1Flow cytometry gating strategy.**a**, Gating strategy and flow cytometry plots of peripheral blood mononuclear cells from Participant A at week 8. CD19^+^IgG^+^IgD^-^IgM^-^ B cells reactive to whole ZIKV virions, ZIKV E, and DENV-2 E were sorted into lysis buffer for B cell Receptor (BCR) sequencing. **b**, Flow cytometry plots of antigen-positive B cells from a known ZIKV-naïve participant and week 0, week 2, and week 8 PBMCs from Participant A. PBMCs at week 8 were sorted on a different day compared to PBMCs from week 0 and week 2 and the ZIKV-naïve participant. Increased frequencies of antigen-specific and cross-reactive B cells were detected against all antigens (whole ZIKV virions, ZIKV E, and DENV-2 E) between week 0 and week 2 in Participant A. A single sort was performed for each time point.

Extended Data Fig. 2Cross-neutralization characteristics of isolated antibodies.Heat map of binding (shades of blue) and neutralization (shades of red) titrations of all antibodies isolated from Participant A that bound to ZIKV and/or DENV-2 virions. Binding data are reported as follows: - (below background), + (OD\<0.5), ++ (OD 0.5-1.0), +++ (OD 1.0-1.5) and ++++ (OD\>1.5). Shown are geometric mean neutralizing titers of ZIKV and DENV1-4 from at least 2 independent experiments with the IC~50~ values indicated (ng ml^-1^).

Extended Data Fig. 3Antibody isolation and neutralizing characteristics of MZ4 family antibodies.**a**, Isolation of whole ZIKV virion, ZIKV E and DENV-2 E reactive CD19^+^/IgG^+^ B cells 4 weeks following the second ZPIV immunization (week 8) from Participant A. Individual B cells encoding ZIKV-neutralizing mAbs are indicated in the flow cytometry plots. **b**, Neutralization heat map of the MZ4 family and control mAbs against ZIKV PR, DENV1-4, JEV, WNV and YFV, with the microneutralization IC~50~ values indicated (ng ml^-1^). **c**,**d**, FlowNT neutralization of MZ4 against (c) ZIKV (Paraiba_01) and (d) DENV-2 ([S16803](https://www.ncbi.nlm.nih.gov/nuccore/S16803)) compared to other potent ZIKV/DENV cross-neutralizing and specific antibodies. All mAbs were tested in at least 2 independent experiments. Where shown, error bars indicate mean ± s.e.m. for mAbs tested in 3 independent experiments. **e**, PRNT neutralization of MZ4 against ZIKV strains of American, Asian and African lineages, indicated by country of origin and date of isolation. Shown is the mean % neutralization from a single experiment using triplicates. The IC~50~ neutralization titers (ng ml^-1^) are indicated in parentheses for each mAb.[Source data](#MOESM7){ref-type="media"}

Extended Data Fig. 4*In vitro* antibody dependent enhancement (ADE).MZ4, MZ4 harboring the Fc mutations abolishing binding to Fcγ receptors (MZ4 LALA) and the pan flavivirus FLE antibody 4G2 were tested in a flow cytometry-based assay for their ability to enhance infection in K562 cells. ADE is reported as fold change in percent of infected cells relative to baseline percent infection of K562 cells (in absence of antibody, dotted line). The HIV-1 specific antibody VRC01 served as negative control. Shown is the mean from 2 independent experiments performed in duplicates.[Source data](#MOESM8){ref-type="media"}

Extended Data Fig. 5Antibody binding characteristics and epitope mapping.**a**-**d**, Binding of ZIKV-neutralizing mAbs to ZIKV and DENV-2 monomeric E proteins, and whole ZIKV and DENV-2 virions by ELISA. **a**, Binding to monomeric ZIKV E (left) and virions (right). Shown is the mean from 3 (± s.e.m as indicated by error bars) or 2 independent experiments. **b**, Relative binding ratio of monomeric ZIKV E to ZIKV whole virions calculated from (a). Antibodies with low ratio values were characteristic of quaternary epitopes, such as EDE1-C8, whereas ratios closer to 1 were characteristic of monomeric recognition similar to an FLE antibody, such as 2A10G6, which binds to both monomeric E and ZIKV. **c**, Binding to monomeric DENV-2 E (left) and whole DENV-2 virions (right). Shown is the mean of 2 independent experiments. **d**, Relative binding ratio of monomeric DENV-2 E to DENV-2 whole virions calculated from (c). **e**, Binding of mAbs to ZIKV E recombinant DIII domain assessed by ELISA. Shown is the mean of 2 independent experiments. **f**, Shotgun mutagenesis ZIKV E epitope analysis. Relative binding to ZIKV prM/E for individual mutations is plotted. Residues from which substitution to alanine causes \>60% loss in binding (dotted line) were considered important for binding. Shown is the mean of duplicates from a single experiment.[Source data](#MOESM9){ref-type="media"}

Extended Data Fig. 6Structural analysis of MZ4 family antibodies.**a**, MZ1-ZIKV E crystal structure asymmetric unit contents. ZIKV E is shown in surface representation (DII and DIII \[blue\] and DI \[dark green\]), and MZ1 Fab is shown in ribbon representation (heavy chain \[red\] and light chain \[salmon\]). Zoom-in window shows the 2F~o~-F~c~ electron density for the MZ1-DI/DIII linker interaction (gray mesh representation contoured at 1.5σ). **b**, MZ4-ZIKV E crystal structure asymmetric unit contents. Four MZ4 Fv molecules bound to four molecules of ZIKV E were observed in the asymmetric unit. ZIKV E protomers within a dimer are shown in surface representation (blue and white with DI dark green). MZ4 antibody heavy and light chains are shown in ribbon representation (dark and light orange). Zoom-in window shows the 2F~o~-F~c~ electron density for the MZ4-DI/DIII linker interaction (gray mesh contoured at 1.0σ). **c**, Crystal structure of MZ1, MZ4, and MZ24 Fab molecules are shown in ribbon representation with light and heavy chain CDRs indicated. **d**, Overlay of MZ1 and MZ4 (left), and MZ4 and MZ24 (right) Fab structures. Antigen-contacting residues that differ between MZ4 and the other family members are shown in stick representation and amino acid changes are indicated. **e**, Model of MZ4 Fv on the ZIKV (PDB: [5IRE](https://www.rcsb.org/structure/5ire)). MZ4 is shown in surface representation (dark \[heavy chain\] and light \[light chain\] orange). E protomers on the ZIKV virion are colored blue, gray, and green, which indicates dimeric, trimeric, and pentameric vertex interfaces, respectively. Close-up view of the modelled MZ4 interactions at the five-fold vertex (1) and inter-raft interface (2) are shown.

Extended Data Fig. 7Epitope recognition by antibody MZ4.**a**, Flavivirus-neutralizing antibodies that recognize DIII and adjacent regions. Flavivirus E molecules are shown in ribbon representation with the DIII, DI/DIII linker region, and lateral ridge loop architecture shown on the top left for reference. Antibody contact residues (defined using PISA) are shown in stick representation and colored as follows: MZ4 (orange), 5H2 (dark blue), 2C8 (magenta), Ab513 (red), Z004 (green), 3H5 (yellow), and ZV-67 (light orange). ZIKV E -- MZ4 contact residues G182 and S368 (and DENV equivalent residues), are shown as black spheres. **b**, Antibody epitopes are indicated as colored solid lines on the surface of ZIKV E (blue, with the DI/DIII linker in brown). **c**, Sequence alignment of flavivirus E proteins (residues 160-400, ZIKV numbering). Antibody contact residues on flavivirus E proteins are highlighted. **d**, MZ4 antibody binding competitions. Competition between the indicated first mAb and MZ4 for binding to the relevant E protein were performed as described in Fig. [1h](#Fig1){ref-type="fig"}. Shading from dark to light red indicates competition strength ranging from strong (0-30%), to intermediate (31-69%), to weak/none (70-100%).

Extended Data Fig. 8*In vivo* titration of MZ4 prophylactic dose.Forty naïve Balb/c mice were infused intravenously with the indicated dose (*n*=5/dose) of MZ4 or saline (sham). Two hours later, mice were challenged with 10^5^ viral particles (10^2^ plaque-forming units) of ZIKV BR/2015 intravenously. Following infusion with the indicated dose or saline (sham), ZIKV viral loads were measured post-challenge by RT--PCR.

Extended Data Fig. 9Characteristics of MZ2, isolated two weeks after the first ZPIV vaccination.**a**, Binding of MZ4 and MZ2 to ZIKV (left) and DENV-2 (right) virions, assessed by ELISA. Shown is the mean from 2 independent experiments. **b**, Binding kinetics of MZ4 and MZ2 antibodies to ZIKV (top) and DENV-2 (bottom) E proteins as measured by BLI. Affinity constants (K~D~) were calculated from binding curves (red \[MZ4\] and orange \[MZ2\] obtained from 4 serial dilutions of Fabs and fitted (grey curves) from a single experiment using a 1:1 binding model. Below, summary table of binding kinetic constants and fit parameters. **c**, Microneutralization heat map of MZ4 and MZ2 against ZIKV, DENV1-4, JEV, WNV and YFV, with the IC~50~ values indicated (ng ml^-1^). **d**, Shotgun mutagenesis ZIKV and DENV-2 E epitope analysis. Residues critical for binding are indicated by check marks. Below, alignment of ZIKV and DENV-2 DI/DIII linkers with respective residue numbering.[Source data](#MOESM10){ref-type="media"}

Extended Data Fig. 10Additional characterization of polyclonal antibody responses in flavivirus-experienced and flavivirus-naïve vaccinated participants.**a**, **b**, Polyclonal antibody binding, off-rates and neutralization titers (FlowNT) to ZIKV (left) or DENV-2 (right) of (**a**, red) Participant A (n=1) and (**b**, blue) flavivirus-naïve vaccinees (5 donors with the highest responses) at baseline (week 0), 2 weeks following the first vaccination (week 2) and 4 weeks following the second vaccination (week 8). For (a), shown is the mean titer or off-rate and range from at least 2 independent experiments. For (b), shown is the mean titer per individual with s.e.m. indicated by the error bars per assay. Plasma binding responses and affinity off-rates to the indicated E protein (nm) were measured by BLI; NB=no binding detected. Plasma dilution series were used to calculate off-rates or dissociation constants (k~d~, s^-1^) against the indicated E protein. Lower off-rates indicate slower dissociation and higher affinity. Dotted line indicates lower limit of detection. As no DENV-2 neutralization was observed for naïve donors at week 8, week 0 and 2 were not tested (NT).[Source data](#MOESM11){ref-type="media"}
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